Abstract: Solid alkali metal carbonates are universal passivation layer components of intercalation battery materials and common side products in metal-O 2 batteries,a nd are believed to form and decompose reversibly in metal-O 2 /CO 2 cells.I n these cathodes,L i 2 CO 3 decomposes to CO 2 when exposed to potentials above3 . Energy storage in Li-based batteries is limited by the cathode,w hich has triggered intense research efforts to increase cathode capacity and/or voltage.
Abstract: Solid alkali metal carbonates are universal passivation layer components of intercalation battery materials and common side products in metal-O 2 batteries,a nd are believed to form and decompose reversibly in metal-O 2 /CO 2 cells.I n these cathodes,L i 2 CO 3 decomposes to CO 2 when exposed to potentials above3 .8 Vv s. Li/Li + .H owever,O 2 evolution, as would be expected according to the decomposition reaction 2Li 2 CO 3 !4Li + + 4e À + 2CO 2 + O 2 ,i sn ot detected. Oa toms are thus unaccounted for,w hichw as previously ascribed to unidentified parasitic reactions.H ere,w es how that highly reactive singlet oxygen ( 1 O 2 )f orms upon oxidizing Li 2 CO 3 in an aprotic electrolyte and therefore does not evolve as O 2 . These results have substantial implications for the long-term cyclability of batteries:t hey underpin the importance of avoiding 1 O 2 in metal-O 2 batteries,q uestion the possibility of ar eversible metal-O 2 /CO 2 battery based on ac arbonate discharge product, and help explain the interfacial reactivity of transition-metal cathodes with residual Li 2 CO 3 .
Energy storage in Li-based batteries is limited by the cathode,w hich has triggered intense research efforts to increase cathode capacity and/or voltage. [1] Candidate approaches include Li-stoichiometric [2] and Li-rich [3] transition-metal oxide (TMO) intercalation cathodes,w hich have higher voltage and capacity than currently used cathodes,and metal-O 2 or metal-O 2 /CO 2 cathodes, [1, 4] which have lower voltage but substantially higher theoretical capacity.M aking high-voltage TMOs viable requires increasing the reversible potential window through understanding the high-voltage instabilities of intercalation materials and electrolytes. [1] Much recent work has revealed an intimate interdependence of electrolyte decomposition, surface species formation/ decomposition, and TMO bulk and surface reconstruction. [2d, 3d, 5] In particular,i tw as recently found that the outgassing of CO 2 during the first cycle in Li-ion batteries is mostly governed by residual Li 2 CO 3 ,which in turn affects O 2 evolution from the TMO lattice.
[5b] With respect to Li-O 2 batteries,L i 2 CO 3 is an unwanted parasitic product, which hampers rechargeability,a ccumulates on cycling, and hence causes poor energy efficiencyand cycle life. [1, 4a-f] Theburden of Li 2 CO 3 formation was seemingly made use of in rechargeable metal-O 2 /CO 2 batteries based on the observation that Li 2 CO 3 can be electrochemically decomposed. [4f-j,6] Thus Li 2 CO 3 ,b ei tatrace or main component, plays acentral role in considerations of cyclability and stability for al arge fraction of future Li battery systems,a nd understanding its electrochemical oxidation is paramount for further development. While it is clear that Li 2 CO 3 decomposition evolves CO 2 ,t he fate of the third Oa tom in CO 3
2À
has been an enduring open question since no O 2 evolves, although this would be expected from the formal oxidation reaction:
Previous explanations have proposed the formation of superoxide or "nascent oxygen", which could react with cell components in ar eaction path involving carbon, [4f, 6] without, however, definite proof for these mechanisms.H erein, we provide compelling evidence that the electrochemical oxidation of Li 2 CO 3 forms highly reactive 1 O 2 ,w hich, through aparasitic reaction of 1 O 2 with battery components,e xplains the absence of O 2 evolution. Given its exceptional reactivity, the formation of 1 O 2 has far-reaching implications for TMO surface reactivity and coupled parasitic reactions upon recharging metal-O 2 and metal-O 2 /CO 2 batteries.
1 O 2 may be detected using chemical probes,w hich react specifically with 1 O 2 and can be detected spectroscopically by measuring the disappearance of the probe and/or the appearance of the adduct. Reported probes include fluorophores or spin traps,w hich may be detected by fluorescence "switch on/off" or by EPR spectroscopy. [7] However, these probes are typically electrochemically unstable above 3.5-3.7 Vvs. Li/Li + and do not allow access to the relevant Li 2 CO 3 oxidation potential range above 3.8 V. Previously,w eh ave shown that 9,10-dimethylanthracene (DMA) fulfills these requirements:i tr apidly forms the endoperoxide (DMA-O 2 ) in the presence of 1 O 2 ;b oth DMA and DMA-O 2 are electrochemically stable beyond 4V ( Figure S1 );a nd DMA is also stable against superoxide,a nother possible reactive oxygen species.Inother words,exposing DMA to superoxide does not form DMA-O 2 ,w hich otherwise would be falsely assigned to the presence of 1 O 2 . [8] Figure S2 ). Thesame holds true for DMA exposed to Li 2 O 2 with CO 2 ,which forms aperoxodicarbonate, apossible intermediate of Li 2 CO 3 oxidation. [9] Together,these results confirm that DMA!DMA-O 2 conversion is as ensitive and selective method to detect 1 O 2 in the cell environment.
To probe whether 1 O 2 forms upon oxidizing Li 2 CO 3 ,w e constructed electrochemical cells with Li 2 CO 3 -packed working electrodes as detailed in the Methods section in the Supporting Information. Li 2 CO 3 was ball-milled with carbon black to ensure intimate contact between the two and the resulting powder was used to form composite electrodes using PTFE binder.T os pecifically probe reactions at the working electrode and to exclude unwanted reactions of the electrolyte with aL im etal anode,w eu sed Li 1Àx FePO 4 (E8 8 = 3.45 V vs.L i/Li + )a st he counter and reference electrode.F irst, we established the onset potential of Li 2 CO 3 oxidation using apotential sweep measurement in an online electrochemical mass spectrometry (OEMS) setup to follow the gases evolved. Figure 1shows CO 2 ,O 2 ,CO, and H 2 evolution in comparison to the electron consumption rate.CO 2 evolution commences at around 3.8 V, with ar atio of approximately 2e À /CO 2 observed at higher voltages.N ote that capacitive current accounts for the initial electron consumption rate above open circuit and causes the electron consumption rate to remain slightly higher than the CO 2 evolution rate.The onset of CO 2 evolution at 3.8 Vi si na ccordance with the equilibrium potential of Reaction 1( E8 8 = 3.82 Vv s. Li/Li + ). [4c, 6] Consistent with numerous studies,O 2 was not detected throughout charging.
[4c,g,h, 5b] H 2 and CO evolution is observed above 4.2 V during the anodic scan of the Li 2 CO 3 -packed electrodes,b ut no gas evolution is observed below 4.5 Vf rom blank carbon black electrodes ( Figure S3 ). Absence of CO 2 when ab lank electrode is charged proves Li 2 CO 3 oxidation to be the CO 2 source in Figure 1 . Thecomparison of the blank and Li 2 CO 3 -packed electrode also indicates that the H 2 evolution observed ( Figure 1 ) has to originate from aparasitic electrolyte degradation reaction induced by Li 2 CO 3 oxidation, since the electrolyte otherwise appears stable at Li 2 CO 3 -free electrodes until at least 4.5 V.
To examine whether the highly reactive 1 O 2 forms and could thus explain the absence of O 2 release,w ec onstructed cells with the same Li 2 CO 3 working electrodes and 0.1m LiTFSI in dimethoxyethane (DME) containing 30 mm DMA as the electrolyte.C ells were held at various charging potentials until ac apacity of 0.064 mAh was reached. The electrolyte was then extracted and subjected to HPLC and 1 HNMR analysis (Figure 2) .
HPLC analysis showed that DMA-O 2 formed at all charging voltages from 3.8 Vo nwards (Figure 2a ). Blank measurements,w here electrodes without Li 2 CO 3 were polarized analogously,d id not yield DMA-O 2 ( Figure S4 ). Figure 3r elates the amount of 1 O 2 formed to the charge passed in the reaction:
Am aximum of one 1 Figure S1 in the Supporting Information, which may explain the observed lower yield of DMA-O 2 at 4.2 Vc ompared to 4.05 Vi n Figure 3 . Overall, the values in Figure 3s uggest that the majority,i fn ot all, of the "missing O 2 "f rom the electrochemical oxidation of Li 2 CO 3 forms 1 O 2 and is thus not detected in the gas phase.
Thec omplete lack of O 2 evolution during oxidation of Li 2 CO 3 (Figure 1) [10] to possibly promote 3 O 2 evolution. Av ariety of quenchers have been reported, including azides and aliphatic amines. [10, 11] We have previously shown that 1,4-diazabicyclo[2.2.2]octane (DABCO) is effective in non-aqueous environments.
[8a] Foru se during electrochemical oxidation of Li 2 CO 3 ,h owever, the electrochemical stability of the quenchers is problematic, since DABCO and other quenchers (e.g.,L iN 3 )a re electrochemically oxidized at approximately 3.5-3.6 V( Figure S7 ). [12] Nevertheless,d iffusion of fresh quencher from the separator may counterbalance quencher oxidation at the working electrode and thus may show some quenching efficiency. Figure 4s hows CO 2 and O 2 evolution during an OEMS measurement similar to Figure 1 , but with an electrolyte that contained 30 mm DABCO.D ABCO oxidation accounts for the anodic process that onsets at around 3.6 Vand peaks at 3.9 V. As before,C O 2 evolution starts at around 3. O 2 when aq uencher is present, implies that am echanism of Li 2 CO 3 oxidation involves the formation of OÀOb onds.I na nalogy to carbonate oxidation in aqueous media, [13] it has been suggested that Li peroxodicarbonate (LiO 2 COOCO 2 Li)f orms as an intermediate. [4h] Such an intermediate has been questioned on the basis that 1) CO 3 2À is poorly soluble and would thus lack mobility to combine to peroxodicarbonate and 2) the high charge density of the peroxodicarbonate anion (
)w ould not allow O À Obond formation or would lead to immediate bond cleavage. [4c, 14] However,neither large carbonate mobility nor dissociation are required and amechanism via aperoxodicarbonate intermediate can be proposed ( Figure S8a ) and rationalized based on previous reports.
[ 4i, 15] Formally,p eroxodicarbonate can form through a1e À oxidation/Li + extraction of two Li 2 CO 3 to form two LiO 2 COC moieties (2), which combine to LiO 2 COOCO 2 Li (3). Within the Li 2 CO 3 crystal structure ( Figure S8b ), adjacent carbonate moieties appear to be sufficiently close to form O À Obonds once an e À and aLi + is extracted in each. Mobility of the intermediates or even dissociation from the crystal lattice is thus not required. A DFT study on the oxidation of Li 2 CO 3 surfaces has shown that after first oxidation/Li + extraction, further Li + extractions are energetically most favorable at adjacent carbonate moieties, which makes their recombination likely. [15] Such recombination within the crystal lattice is also supported by DFT work on the formation of Li 2 CO 3 via peroxodicarbonate,w hich yields adjacent carbonate moieties within the Li 2 CO 3 lattice.
[ Figure S8a . Further oxidation and decarboxylation could yield LiCO 4 (4; Figure S8a ), which then in turn could yield 1 O 2 .C larification of the exact mechanism, however,will need further computational or/and experimental work.
In conclusion, by using as elective 1 O 2 trap and online mass spectrometry,w eh ave shown that electrochemical oxidation of Li 2 CO 3 in an onaqueous environment yields up to stoichiometric amounts of 1 O 2 according to the reaction 2Li 2 CO 3 !4Li + + 4e À + 2CO 2 + 1 O 2 .T his explains the absence of O 2 evolution, which has been al ong-standing conundrum and ac ause for much speculation regarding potential reactive oxygen species.The reaction proceeds from an onset potential of approximately 3.8 V, which is close to its thermodynamic value of 3.82 V. When a 1 O 2 quencher is present, part of the formed 1 O 2 could be evolved as 3 O 2 . Li 2 CO 3 is au niversal passivating agent in Li-ion battery cathodes and decisive in interfacial reactivity.L i 2 CO 3 is also ac ommon side product in Li-O 2 cathodes,a sw ell as the targeted discharge product in Li-O 2 /CO 2 batteries,w here it then needs to be oxidized on charge to form ar eversible system. Our results thus strongly suggest that Li 2 CO 3 formation, even at impurity levels,w ill have ad eleterious affect on the stability of all Li batteries where electrodes operate beyond 3.8 Vv s. Li/Li + ,w hich includes most currently studied cathodes.S trategies to avoid 1 O 2 formation or the presence of Li 2 CO 3 during battery operation are therefore warranted.
